Introduction
Arterial Blood Pressure (ABP) is a key physiological parameter relevant for medical diagnosis, prevention as well as therapy guidance. Due to the availability of affordable devices, cuff-based ABP measurements also found widespread use in home monitoring.
Invasive measurements -the Gold Standard -provide the most accurate continuous measurements, but they can be done by trained medical staff only, are relatively invasive, and only useful in specific settings. Standard cuff-based ABP measurements using the oscillometry or auscultation method allow intermittent measurements only and are uncomfortable for the patient.
Radial artery applanation tonometry, vascular unloading and pulse wave velocity (PWV) / pulse shape analysis are methods, which have been seen as promising technologies towards continuous ABP readings. Tonometry is inherently sensitive to sensor displacement and motion artifacts hardly suitable for wearable devices. Vascular unloading, with a research history of more than 40 years already, is the only established method for continuous BP readings slowly getting acceptance in the medical community. However, placement of the finger cuff is difficult and cumbersome, absolute BP readings can be unreliable despite an underlying calibration scheme, and the overall system is quite large and bulky. Cuffless continuous ABP measurements for in-hospital applications as well as for home use scenarios are still an unresolved topic. We have been following the pulse wave methodology towards unobtrusive ABP measurement, since sensor embodiments are small and light weight and offer potentially comfortable quasi-continuous and noninvasive ABP measurements [1] [2] [3] . This paper summarizes our experiences with the pulse arrival time (PAT) measure in the context of SBP estimations.
Pulse Arrival Time -Definition and Measurement
PAT is defined as time interval between the peak of the R wave of the electrocardiogram (ECG) and the onset of a peripheral plethysmographic pulse. It has been intensively investigated as surrogate measure of blood pressure and vessel stiffness [1] [2] [3] . PAT is the sum of the pre-ejection period (PEP) and pulse transit time (PTT). PEP refers to the iso-volumetric ventricle contraction up to the aortic valve opening (AVO) while PTT is the true transit time of the pressure pulse along the arterial wall over a long non-homogeneous vascular path. Only PTT does relate to the pressuredependent arterial wave propagation modeled by the Moens-Korteweg equation. PEP is a varying additive delay sensitive to stress, emotion and physical effort. Major advantage of PAT vs. PTT is that only one transducer needs to be placed accurately. We have realized a couple of measurement systems tailored for wearable continuous monitoring scenarios. One prototype realized simultaneous detection of an ECG and a peripheral Photoplethysmogram (PPG) [5] including activity /posture inference with a body sensor network (BSN). The BSN consists of two wireless sensors, which transmit data to a central unit (PDA) on the basis of the low-power short-range standard IEEE 802.15.4. The demonstrator featured a synchronization method suitable for accurate PAT inference.
A second more complex embodiment offers in a small wearable form factor access to ECG, an impedance cardiogram (ICG), PPG and a thoracic inductive plethysmogram [6] . In addition, sound signals from two thorax locations using custom made microphones and up-to three 3-axis acceleration signals provide information on posture and movements. Using these signals, a better modeling of the hemodynamic status of the patient is possible towards improved ABP inference. Since this system was designed for home monitoring applications, special emphasis was taken for an easy integration into a functional textile [6] .
Experiences with Pulse Arrival Time Methodology
We have investigated PTT and PAT as surrogate of absolute SBP to potentially replace cuff-based mea-surements in various scenarios: during short term exercises, posture changes and head-up tilt table tests.
During physical exercise we found in healthy and CHF patients good correlations of SBP vs. PAT with high subject-specific sensitivities [7] and very weak relation of SBP vs. PTT [8] . PEP has clearly a higher influence on PAT measurements than PTT [4, 7] . A heuristic linear calibration function gave acceptable SBP estimations for healthy subjects (inter RMSE = 7.3 mmHg) and required only a single blood pressure measurement for calibration at rest [7] . No stable long term calibration methodology could be found posing the unsolved issue of recalibration strategies using a peripheral PPG.
Another research track dealt with PAT responses due to posture changes. Results for the measures PEP, PAT and SBP for posture changes from lying, sitting and standing are provided in Tab. 1 [9] . 
Obviously posture changes have a significant subjectspecific effect for healthy individuals on PAT at almost constant systolic blood pressure. This finding is primarily caused by the sensitivity of PEP related to fluid shifts inside the body, depending on the posture in the earth gravity field [10] , which affects the cardiac preload, cardiac filling and therefore PEP. Absolute SBP measurements based on PAT only will require access to context information to compensate PEP effects. Alternatively, a direct measurement of PEP could help solving this issue. During head-up tilt table tests (HUTT) PAT responses have been investigated as a potential promising indicator of impending neurally mediated syncope (NMS) [10, 11] . Consistent negative high correlation of SBP and PAT presented in Tab.1 [10] were found. Again, a large inter-patient variability of the sensitivity factor A of SBP/PAT responses was recognized making absolute SBP inference difficult. However, it could be shown that a PAT trend measure offers to detect NMS with high sensitivity and specificity of up to 90% [10] with reasonable long prediction times of up to a minute.
Conclusion
PAT is an easily accessible measure using state-ofthe-art wearable sensor technology and suitable for continuous monitoring scenarios e.g. for home monitoring. However, the response of PAT to blood pressure is complex including a high subject-specific variability including context sensitivity, which requires reliable calibration strategies. Access to PEP e.g. estimated from heart sounds might improve SBP inference. Analysis of PAT trends only is interesting for applications, in which absolute SBP is less important. 
